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INTRODUCTION 
Intercropping» the growing of more than one crop simul­
taneously on the same land area, is commonly practiced by 
small farmers in developing countries (Okigbo, 1980; 
Willey, 1979a). Even when the yields of individual crops 
are reduced, one unit area often produces more under inter­
cropping (mixture) than under sole cropping (monoculture). 
Many recent experiments have confirmed that mixtures have 
yield advantages, but little is known about how these ad­
vantages arise or how they can be improved. 
In this study, the "replacement series" technique 
(de Wit, 1960) was utilized to quantify mixture yield advan­
tages. Because such advantages are likely to depend on the 
availability of resources and on cultural practices, a range 
of fertilization levels and population densities were 
included. 
It was thought that the replacement series technique 
also would be helpful for understanding how mixture advan­
tages are obtained, because the contribution of individual 
crops can be ..determined. Furthermore, as seeds are only a 
portion of the total dry matter that crops produce, and as 
growth is a dynamic process, not only seed production but 
also dry matter and nutrient accumulation were measured at 
various times during the growing season. 
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Cowpea (Viana unauiculata (L.) Walp.)-maize (Zea mays 
L.) mixtures were studiedc Although cowpea is not commonly 
grown in Central America, the region where the study was 
conducted, it may hav9 potential in the lowland, humid areas. 
More important than the choice of crops, however, was the 
need to test an approach, the replacement series, that could 
be utilized in the study of intercrop performance. Nitrogen 
and phosphorus were selected as fertilization variables be­
cause these nutrients are commonly found in limited amounts 
in tropical soils. 
Specific objectives addressed by each of the experiments 
are described below. 
Explanation of Dissertation Format 
This dissertation has been prepared under the "alternate" 
format. Separate manuscripts for each of the two experiments 
conducted will be submitted for publication in Experimental 
Agriculture. Both will be co-authored by Dr. Richard Shibles, 
who was my major professor, and who advised in the conduct of 
the study and in the preparation of the manuscript. 
The title of the first manuscript is: "An analysis of 
competition between intercropped cowpea and maize. I. Soil 
N and P levels and theiz relationships with dry matter and 
seed productivity." The objectives were to study (a) compe­
tition for nitrogen and phosphorus by intercropped cowpea and 
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maize, and (b) the effect of competition for these nutrients 
on dry matter and seed productivity. 
The title of the second manuscript is: "An analysis of 
competition between intercropped cowpea and maize. II. The 
effect of fertilization and population density." The objec­
tives were to determine (a) whether the effect of N and P 
fertilization is modified by population density, and 
(b) whether mixtures need a larger population density than 
monocultures for overyielding to occur. 
4 
LITERATURE REVIEW 
Mixture Advantages 
The term "advantage" has different meanings depending 
on farmer needs. Willey (1979a) distinguishes three 
situations: 
1. Where the mixture must provide a full yield of a 
main crop plus some yield of a minor crop. 
2. Where the mixture yield must exceed that of the 
higher yielding monoculture, because the products 
of both crops are equally acceptable. 
3. Where the mixture must provide higher yields 
than those of both component crops grown separately 
(LER > 1). This is the most common situation and 
justifies testing different individual population 
densities to determine which crop proportions result 
(.j 
in overyielding. 
Mixture yield advant?r'es are often evaluated by their 
Land Equivalent Ratio (LER), which is calculated by adding 
the relative (intercrop/monocrop) yields of the components. 
LERs exceeding one indicate that more land under monocultures 
is needed to provide the same yield as one hectare of mix­
ture. Evaluations made by comparing absolute mixture yields 
with the average yield of the monocultures are not always 
appropriate. For example, even if LER = 1, absolute mixture 
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yield may be greater than the average of the two monocul­
tures when the stronger competitor is also the greater 
yielder in monoculture, whereas absolute mixture yield may 
be smaller when the reverse is true. This occurs because 
changes in intercrop yields are proportional to their mono­
culture yields (Spitters, 1980; Trenbath, 1976). 
Complementary Use of Resources 
When LER is greater than one, it is said that the mix­
ture utilizes the land more efficiently than monocultures 
do, because intercrops do not compete for exactly the same 
resources. That is, whereas intercrops may compete for some 
resources, at the same time they may not compete for others 
(Spitters, 1980; Trenbath, 1976). 
Complementarity in the use of resources (annidation) 
may occur in time or space. Annidation in time may occur 
when intercrops have different growth patterns and duration; 
i.e., when the period of resource exploitation is prolonged 
and the times of maximum resource demand by intercrops do not 
coincide. For example, large LERs have been reported when a 
short-season cereal was intercropped with pigeon pea 
(Cananus caian (L.) Mill.) or other slow-growing, long-season 
crops (Faker, 1979; Dalai, 1974; Natarajan and Willey, 
1980a,b; Rao and Willey, 1980). Evaluations based on LER 
in those situations, however, must be interpreted with 
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caution, as it is assumed that no other crop could be sown 
after harvesting the short-season monoculture (Willey, 1979a). 
Annidation in space may occur when the canopies of the 
intercrops occupy different vertical layers and also have 
different illumination requirements; or when, because of dif­
ferences in rooting depth, one of the intercrops has a source 
of nutrients not available to the other intercrop (Spitters, 
1980; Trenbath, 1976). 
Basically, the search for ideal intercrops should con­
sider niche differences. According to Hall (1978), the tra­
ditional method of selection and evaluation of intercrops, 
which usually occurs under rather high fertility conditions, 
may not allow species to express their potential comple­
mentarity in the use of resources. 
Nitrogen in leaume-cereal mixtures 
It is generally believed that legume-cereal mixtures 
are advantageous because legumes can fix atmospheric Ng 
symbiotically. Thus, the competition for this nutrient is 
minimized. It is important, therefore, that the Ng-fixation 
capability be realized in mixtures. If shading is severe, 
Ng-fixation may be diminished substantially (Dart and Mercer, 
1965; Graham and Rosas, 1978; Wahua and Miller, 1978a). 
Wahua and Miller (1978b) reported that, at the early pod-
filling stage, Ng-fixation by soybean (Glycine max (L.) Merr.) 
intercropped with a tall sorghum (Sorghum bicolor (L.) 
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Moench.) cultivar was reduced 99% because of reductions in 
nodule weight and number, as well as in specific nodule 
activity. 
Even when the legume is able to fix N2 effectively, 
little N from this source is available to the intercropped 
cereal. The cereal would have to continue growth, perhaps 
for several months after the legume has senesced, to realize 
a benefit from N fixed by the legume (Agboola and Fayemi, 
1971, 1972; Henzell and Vallis, 1977). In mixed swards, it 
is thought that the major pathway of N "transfer"—recycling 
of symbiotically fixed Ng—is through decomposing legume 
residues and the urine of grazing animals (Vallis, 1978). 
If the legume fixes N2 effectively, it is possible that, 
in legume-cereal mixtures sown at the same total population 
density as that of monocultures, each cereal plant may have 
a larger supply of N than in monoculture, as the legume will 
obtain the major portion of its needs from atmospheric Ng. 
Therefore, under limiting N conditions, a yield advantage 
from cereal-legume mixtures could be expected. 
Some competition for soil N between intercropped legumes 
and cereals may occur. Although cowpea, like many other 
legumes, can obtain over 80% of its N needs through Ng-
fixation (Eaglesham et al., 1977), it relies on mineral N 
early in the growing season before nodules are sufficiently 
developed (Ezedina, 1964; Pate and Dart, 1961). Small 
8 
amounts of soil N are, in fact, required to obtain optimum 
early vegetative growth and, consequently, to maximize seed 
yields (Dart et al., 1977), 
Other resources 
There is little known about how intercrops can achieve 
complementarity in use of nutrients other than nitrogen, 
except for the cases of annidation in time and space previ­
ously mentioned. It is difficult to conclude whether greater 
nutrient uptake in mixtures is the cause or the effect of 
their greater seed yields, particularly when dry matter and 
nutrient accumulations are measured in the shoots alone. 
With phosphorus—as well as with other nutrients—it is 
known that crops differ not only in the total amounts re­
quired, but also in their rate of uptake at different stages 
of development (Kalra and Soper, 1968). Thus, it is possible 
that different temporal needs may ensure that the demand for 
P by intercrops does not exceed its rate of supply in the 
soil. Crops also may differ in their ability to take up 
soil and/or fertilizer P (Kalra, 1971). Because P is rela­
tively immobile in the soil, competition for this nutrient 
may also depend on the rooting pattern of the intercrops 
(Lai and Lawton, 1962). Cowpea is known for its outstanding 
ability to grow well under low P levels. Cassman et al. 
(1981) found that cowpea grown without N or P fertilization 
produced 72% of the maximum yield obtained at optimum P 
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levels, whereas the comparable relative yield of soybean 
was 28%, 
According to Spitters (1980), if intercrops are limited 
in their growth by different resources, a mixture yield ad­
vantage may be obtained when each intercrop is the stronger 
competitor for the resource that limits its own growth. 
More efficient utilization of light energy may also be a 
reason for mixture advantage. Because it is a resource that 
is wasted if not used immediately, advantages may arise if 
mixtures reach a critical LAI sooner than individual crops 
grown at their optimum population densities (Beets, 1978). 
Also, in theory, light might be used more efficiently by a 
mixture which includes a tall (high irradiance requiring) 
crop with erect leaves and a short Cg (low irradiance re­
quiring) crop with horizontal leaves (Crookston and Kent, 
1976). 
Other Reasons for Mixture Advantages 
Greater yield stability of mixtures over seasons is 
often cited as a major reason for their popularity among 
small farmers in developing countries. If one intercrop 
fails, the other compensates in part (Okigbo, 1980; Willey, 
1979a). But the advantages of mixtures are not limited to 
developing countries. In Denmark, mixtures of cereals dif­
fering in tolerance to soil pH have been sown in fields where 
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there are great variations in pH (de Wit, 1960). Here, too, 
LERs averaging greater than one are obtained. 
Insect infestation may be lower in mixtures than in 
monocultures, as Altieri et al. (1978) found while working 
with maize and common bean (Phaseolus vulgaris L.) at CIAT, 
Colombia. Damage from disease may also be reduced in mix­
tures, mainly because the pathogens may settle on the nonhost 
intercrop—the "fly paper effect"— and also because of the 
compensatory growth of the unattacked component (Litsinger 
and Moody, 1976; Trenbath, 1976). However, this is not true 
under all circumstances. For example, mixtures may create 
a more humid microenvironment than monocultures, which may 
favor fungal diseases (Trenbath, 1974). 
The physical support provided by one of the intercrops 
may sometimes be important. For example, in the Netherlands, 
lodging and nonlodging cereals once were grown in mixtures to 
facilitate harvesting and reduce seed loss (de Wit, 1960). 
Remison (1980) has reported LERs of 1.5 to 2.3 from climbing 
cowpea-maize mixtures in Africa, and most of the advantage 
was due to the very poor yield of the monoculture cowpea 
when grown without artificial support. 
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Replacement Series vs Additive Experiments 
The "replacement series" technique, introduced by 
de Wit (i960), has been conveniently used for competition 
studies in binary mixtures for pastures. A replacement 
series includes monocultures and a range of crop proportions, 
all at the same total population density. Mixtures are ob­
tained by replacing a certain proportion of one species by 
an equivalent proportion of the other species. One plant of 
a given species may be replaced by more than one plant of the 
other species when they differ in size and, thus, in resource 
demand. 
Data from replacement series experiments often are de­
picted in diagrams where the yield of each species is plotted 
against its own population density—or its proportion in the 
mixture. The yield of a species is a linear response to its 
own density when there is no competition for resources or 
when, for that species, intra- and inter-specific competition 
are of equal magnitude. Frequently, however, yield responses 
deviate from linearity. Then, a convex-shaped yield response 
curve identifies a strong competitor, and a concave-shaped 
response is associated with a weak competitor (Spitters, 
1980; Trenbath, 1974). Yield response curves have been char­
acterized by hyperbolic equations developed by C. T. de Wit 
and colleagues (de Wit, 1960; de Wit and van den Bergh, 1965; 
de Wit et al., 1966). The hyperbolic constant for each 
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species, known as its relative crowding coefficient, "k", 
is taken as a measure of its competitive ability. Competi­
tive situations can be evaluated by other models as well 
(Bakhuis and Kleter, 1965; Hill and Shimamoto, 1973; Hall, 
1978; Trenbath, 1976, 1978). 
When species are not mutually exclusive (LER > l), 
sometimes k is frequency dependent; i.e., species appear 
more competitive at one frequency than others. In these 
cases, available methods of competition analysis and inter­
pretation are inadequate (Hall, 1978). 
Species aggressiveness (competitiveness) also has been 
estimated by the slope of the linear regression of average 
yield per plant on the proportion of the associated species 
(Hill and Shimamoto, 1973). But this method is not satis­
factory because often responses are nonlinear, and the 
estimate of aggressiveness would depend on the range of 
species proportions (Trenbath, 1978). 
To measure mixture productivity and to determine if 
species compete for the same resources, the Relative Yield 
Total (RYT) was introduced by de Wit and van den Bergh (1965), 
It is the summation of the relative yields (mixture/mono­
culture) of the component species. Thus, it is calculated 
in the same way as the LER mentioned earlier. The product 
of the k values of the two species in mixture also has been 
used for a similar purpose. The maximum or minimum values 
of RYT depend on the product of the k values (van den Bergh, 
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1968), but k does not quantify mixture yield advantages 
as well as RYT or LER do (Willey, 1979a). 
Hall (1974a,b) has extended the usefulness of de Wit's 
methods of competition analysis by identifying the major or 
limiting resources governing the growth of two species in 
mixture. Basically, Hall estimates changes in the k values 
for dry matter and nutrient accumulation as affected by 
nutrient additions. If the competitive effects are minimized 
by addition of a given nutrient, and if for the weaker com­
petitor k for the nutrient is smaller than k for dry matter 
under the limiting conditions, it may be inferred that com­
petition for that nutrient plays a major role in limiting 
growth of the weaker component. Species responses, both in 
absolute and relative terms, can be conveniently displayed 
on a semilogarithmic scale, as recently proposed by Wildin 
and Hall (1980). 
Additive experiments have been most common in inter­
cropping research involving seed crops (Desir and Pinchinat, 
1976; IITA, 1976; Francis et al., 1978a,b; Garcia and 
pinchinat, 1976; Pinchinat et al., 1976). In additive ex­
periments, one intercrop is sown at the same population 
density as is normally used in monoculture, the other inter­
crop may be used at its full monocrop density or at reduced 
density. There are no mathematical models available to 
quantify or predict competition effects in additive 
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experiments. Another criticism of additive experiments is 
that, if no provision is taken to assure that monocultures 
are sown at their optimum population densities for yield, 
the yield benefit from the mixture may not be real. That 
is, it may be a consequence of a lower monoculture yield 
than is potentially attainable (Spitters, 1980). 
Mixtures may need a larger population density than 
monocultures for maximum yields. This is suggested when 
LER is greater than one in replacement series experiments 
(Spitters, 1980). Because crops are not competing for the 
same resources, at least one of the crops shows little inter­
specific competition? i.e., the yield response to its own 
population density is hyperbolic, as it would be in mono­
culture. Therefore, to ensure that the maximum mixture 
productivity can be compared with the maximum monoculture 
productivity, a range of population densities should be 
tested (Osiru and Willey, 1972; Willey and Osiru, 1972). 
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PART I. SOIL N AND P LEVELS AND THEIR RELATIONSHIPS 
WITH DRY MATTER AND SEED PRODUCTIVITY 
16 
INTRODUCTION 
Larger productivity from intercropping (mixtures) than 
from sole cropping (monocultures) systems is commonly 
achieved when the growth of the component crops (inter­
crops) is not limited by the same resources; i.e., whereas 
intercrops may compete for some resources, they also may not 
compete for others. The larger the "complementary" use of 
resources, the greater the productivity (Spitters, 1980; 
Trenbath, 1976; Willey, 1979a). 
It has been reported that fertilization, or changes 
in weather, favors growth and yield of only one of the seeded 
species in a mixture, while that of the other species either 
is not changed or is depressed (Ahmed and Gunasena, 1979; 
Cordero and McCollum, 1979; Fisher, 1979; Mongi et al., 
1976; Mutsaers, 1978), However, in most of these studies, 
an accurate assessment of changes in mixture productivity 
could not be made because monocultures of one of the crops 
had not been included for comparison, and/or mixtures were 
at twice the total population density of monocultures. 
In grass/legume swards, it is well-known that the rela­
tive competitive abilities of the species change with dif­
ferent fertilization, clipping or grazing regimes, and that 
these changes are mainly associated with variations in the 
ability to compete for light (Rhodes and Stern, 1978). Even 
when competition for light is not intense. Hall (1978) claims 
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that high fertilization regimes may not allow species in a 
mixture to express their potential complementarity in the 
use of resources. Therefore, knowledge of the extent by 
which intercrops respond to and compete for individual re­
sources would aid in the design and management of intercrop­
ping systems. 
A technique conveniently used in the study of plant com­
petition is the "replacement series" (de Wit, 1960). Based 
on some assumptions and "expected" values implicit in their 
design, the outcome of competition can be mathematically de­
scribed by several models (Hall, 1978; Trenbath, 1976, 1978; 
de Wit and van den Bergh, 1965; de Wit et al., 1966; de Wit 
and Goudriaan, 1978). Hall (1974a,b) has further suggested 
a method of analysis to identify individual resources 
governing the growth of two species in a mixture. 
Using the "replacement" principle, and incorporating 
some of Hall's suggestions, we have attempted to study com­
petition for nitrogen and phosphorus by intercropped cowpea 
(Viqna unouiculala (L.) Walp.) and maize (Zea mays L.), and 
the effect of competition for these nutrients on dry matter 
and seed productivity. 
18 
MATERIALS AND METHODS 
Environment 
The study was conducted at the Tropical Agricultural 
Research and Training Center [Centro Agronomico Tropical de 
Investigacion y Ensenanza (C.A.T.I.E.)], at Turrialba, 
Costa Rica, during two seasons, November 1979 through March 
1980 and May through September 1980, C.A.T.I.E. is at 9° 
53'N, 83° 38'W, and an elevation of 600 m. 
The soil is an Institute clay loam (fine mixed, iso-
hyperthermic Typic Distropepts). Total rainfall was 601 mm, 
and monthly mean temperatures ranged from 20.3 to 21.6 C 
during the first season. Rainfall was 931 mm, and monthly 
mean temperatures ranged from 22.1 to 23.0 C during the 
second season (Appendix Figure Al). Average daily insola-
2 tion was 178 and 193 w/m during the first and second sea­
sons, respectively. 
A chemical analysis of a composite of 30 soil samples 
(0-20 cm), taken prior to the first sowing, provided the 
following test valuesi pH 5.2, organic matter 5.5%, N 
0.24%, available P 7.5 (ig/g, and 0.46, 4.50 and 1.35 meq/lOO 
g soil of K, Ca and Mg, respectively. During the second sea­
son, each plot occupied exactly the same site as in the first 
season. Chemical analysis of a composite of three soil 
samples per plot indicated that the only signif icant change 
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was a more than twofold increase in the amount of available 
P, particularly in the monoculture maize treatments (Appen­
dix Table Al) . 
General management 
The field had previously been occupied by a maize-
cassava (Manihot esculenta Crantz) experiment, and then by a 
cowpea green manure crop. Lime, 1 t/ha, was incorporated 
4 months before the first sowing. About 2 months before 
each sowing, the field was mowed, sprayed with glyphosate 
for weed control, plowed to 20 cm, and cultivated twice. 
The double-cross maize hybrid, DeKalb B-666, was used; 
it was preferred over conventional open-pollinated varieties 
because of uniformity. It is normally about 2.5 m tall, 
and matures in about 120 days. The cowpea cultivar was 
CENTA 105, from El Salvador; it is semierect, and matures 
in 84 to 112 days. Seeds of both crops had been treated with 
an unlabelled fungicide-insecticide mixture when acquired. 
Both crops were sown simultaneously, on November 20, 
1979 and on May 22, 1980. Seeds were treated with 2.5% 
aldrin and hand-drilled in shallow furrows made by a tractor. 
Immediately thereafter, fertilizer was broadcast evenly, but 
not incorporated, at rates according to the treatments. In 
the second season, half of the N rate was applied 4 weeks 
after sowing. 
Cowpea and maize emerged in 4 to 6 days, and stands 
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were thinned to desired populations 2 and 3 weeks later, 
respectively. Shortly after emergence, weekly chemical 
sprays were begun to provide similar levels of plant pro­
tection for all treatments. The main targets were Chrysome-
lid beetles (Ceratoma spp. and Diabrotica spp.), known to be 
vectors of Cowpea Mosaic Virus. Sulphur was sprayed to con­
trol powdery mildew (Ervsiphe poliaonv DC.) in cowpea. 
Both seasons, benomyl and copper hydroxide were sprayed on 
cowpea twice during the fruiting period to control an 
unidentified disease which caused substantial pod abortion. 
Weed control was done by hand as needed. 
Treatments 
Treatments included maize (M), and cowpea (C) monocul­
tures, and three mixtures of the two. The proportions of 
each species in mixtures were: 0.75 maize + 0.25 cowpea (Mc), 
0.50 maize + 0.50 cowpea (mc), and 0.25 maize + 0.75 cowpea 
(mC). This set of treatments is known as a replacement 
series (de Wit, 1960), where mixtures are formed by replac­
ing a certain proportion of one species with an equivalent 
proportion of the other species. Optimum population densi­
ties of maize and cowpea in monoculture were considered to be 
5 and 10 plarits/m . Therefore, in forming the replacement 
series, each maize plant was replaced by two cowpea plants. 
In monocultures and mixtures, maize was in 1 m rows. The 
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cowpea monoculture was in 0.5 m rows, but in mixtures, it 
was in a row placed midway between maize rows. Crop pro­
portions were obtained by adjusting intrarow spacings 
(Appendix Table A2). 
A replacement series was grown at each of three fer­
tilization levels: N2P2* ^2^1 ^2^2' where and 
indicate no N or P fertilization, and Ng and Pg indicate 
fertilization with 75 kg N and 43 kg P/ha during the first 
season, and with 150 kg N and 64 kg P/ha during the second 
season. Ammonium nitrate was the N carrier; simple super­
phosphate supplied the P. Comparisons between N^Pg and N2P2 
were used to determine the effect of N, and between N2P2 and 
N2P2 to determine the effect of P. 
Experimental Design, and Data Collection and Analysis 
The factorial set of treatments, three fertilization 
levels, and a replacement series with five levels, was ar­
ranged in three randomized complete blocks (replicates). 
Plot size was 10 x 7 m. Four subplots, each with a border 
of et least 1 m, were assigned at random to each plot to be 
used for plant growth and nutrient samplings and a seed yield 
determination. 
To determine dry matter production and N and P uptake, 
all plants in the subplots were harvested at 7, 9 and 11 
weeks after sowing. Fresh weight, number of plants, and 
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height were recorded each time. Two cowpea and maize plants 
from each subplot were oven-dried, ground and analyzed for N 
and P, using the micro-Kjeldahl (Muller, 1961) and the 
molybdenum blue (Johnson and Ulrich, 1959) methods. Then 
the percentages of dry matter, N and P were used to estimate 
9 « 
their total amounts/m based on the fresh weight data. 
At fruit harvest, plant dry matter, but not nutrient 
uptake, was measured. Stand counts were also made. Cowpea 
pods were harvested and counted at weekly intervals, 12 
through 16 and 11 through 12 weeks after sowing in the first 
and second seasons, respectively (Appendix Figure Al). Maize 
ears were harvested and counted 18 and 17 weeks after sowing 
in the first and second seasons, respectively. The fruits 
were oven-dried, and seed yield was standardized to 12 and 
14% moisture content for cowpea and maize, respectively. 
Hundred-seed weight was determined from a sample of 200 maize 
seeds and 300 cowpea seeds. 
A standard analysis of variance was performed for all 
variables measured, including the Land Equivalent Ratio 
(LER), which Was calculated from relative yields in each 
replicate. Single degree of freedom comparisons between 
treatments were made by orthogonal contrasts. Orthogonal re­
gressions were used to determine the nature of some response 
curves. Graphs do not show regression lines; instead, 
adjacent treatment means were joined by straight lines. 
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RESULTS 
Stand counts made at each plant sampling and at seed 
harvest showed that the number of plants per unit area was 
very close to the desired levels, in terms of proportions 
in the mixture and in total population density (Appendix 
Tables A3 through A6). Therefore, the theoretical crop 
proportions are used in all graphs. 
Data from both seasons supported the same general con­
clusions. However, as some responses were different because 
of differences in weather and nutrient availability, data 
are not averaged over seasons. Most data presented are from 
the first season. 
N and P Uptake and Dry Matter Production 
Whole-plant samplings at 7, 9 and 11 weeks after sowing 
allowed competition analysis at times when the crops had 
different relative sizes and were at different phases in 
their ontogeny. 
Seven weeks 
At 7 weeks after sowing, cowpea dry matter accumulation 
was a linear function of its own population density (or crop 
proportion) at each fertilization level. Therefore, each 
cowpea plant produced the same amount of dry matter whether 
in mixture or in monoculture (Figure la). This implies 
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Figure 1. Dry matter (DM), N and P (a, b and c) accumulated 
by maize (A), cowpea (O) and mixtures (A) at 7 
weeks after sowing in the first seasons LERs for 
dm ( ), N ( ) and P (•••) are given in (d); 
SD (22 d.f.) for maize and cowpea dm, N and P are 
0,18 and 0,15, 5,3 and 6,2, and 0,71 and 0,60, re­
spectively; SD (28 d.f.) for dm, N and P LERs are 
0.19, 0.26 and 0.22 
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that, if cowpea suffered any competition, that from maize 
(interspecific competition) was the same as that from other 
cowpea plants (intraspecific competition). Accumulation of N 
(Figure lb) and P (Figure Ic) by each cowpea plant was also 
the same whether in mixture or in monoculture. 
At the same time, maize dry matter production was a 
nonlinear response to its proportion in mixture (Figure la), 
especially at the high fertilization treatments where Mc 
showed similar maize dry matter/ha as M. Thus, in monocul­
ture, maize was showing the effects of intraspecific compe­
tition by 7 weeks, but did not show evidence of competition 
from cowpea. N and P uptake followed similar trends as dry 
matter. 
Evaluations of mixture productivity are best made by the 
Land Equivalent Ratio (LER), which is the summation of the 
relative yields (intercrop/monoculture) of the components. 
Evaluations made by comparing absolute amounts of the total 
mixture yield with the average yield of the monocultures 
may not be adequate. For example, even when LER = 1, total 
mixture yield may be larger than the average of the two 
monocultures if the stronger competitor is also the greater 
yielder in monoculture, whereas mixture yield may be smaller 
if the reverse is true (Spitters, 1980; Trenbath, 1976). 
A substantially larger dry matter productivity was 
obtained in mixtures, as measured both in absolute and 
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relative amounts (Figure la, d), implying that, at this 
early stage of development, maize and cowpea were not 
competing for the same resources. 
Plant height at 7 weeks after sowing was about 70 and 
85 cm for maize and about 40 and 43 cm for cowpea under the 
low and high fertilization regimes, respectively (Appendix 
Table A7). The fact that in mixtures each crop was in a 
separate row perhaps, allowed them to cover the ground sur­
face more evenly than in monocultures, resulting in a more 
efficient utilization of light energy early in the season. 
It could be argued that this mixture advantage would have 
been lost had both monocultures been sown at closer row 
spacings. But row spacings of 1 m for maize and 0.5 m for 
cowpea are common, and narrower row spacings are not neces­
sarily conducive to greater seed yield in monocultures. 
According to Beets (1978), one of the reasons that may con­
tribute to mixture yield advantage is that the Leaf Area 
Index (LAI) that allows maximum light interception is 
reached sooner by mixtures than by monocultures grown at 
their optimum population densities. 
Similar results were obtained 7 weeks after sowing in 
the second season, even though both crops had accumulated 
substantially larger amounts of dry matter, N and P (Appendix 
Figure A2), and were taller (Appendix Table A8). There were, 
however, some important differences. In the low-P regime 
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not only maize but also cowpea dry matter per plant was 
larger in mixtures than in monoculture. This is an ideal 
situation, because it means that each species suffers less 
competition from the companion species than from other plants 
of its own species. Also, the rate of N accumulation in 
cowpea varied with crop proportions. This last feature, 
which also was found in subsequent samplings of the first 
season, is discussed later. 
Nine weeks 
During the next two weeks, large changes occurred. 
Cowpea began to fill pods and did not grow much taller, 
whereas maize doubled in height (Appendix Table A7). Also, 
cowpea monocultures increased in dry matter less than did 
maize monocultures (compare Figures la and 2a). In this 
period, the total N uptake, whether in mixtures or monocul­
ture, was equal to or larger than that of the previous 7 
weeks (Appendix Table A9), Such a large N requirement 
apparently imposed severe competition for N between maize and 
cowpea in the low-N regime, but not in the high-N regime. 
Nine weeks after sowing, the dry matter and nitrogen 
LERs were not significantly different from one in N^Pg, but 
they were significantly greater than one in N2P2 (Figure 2d). 
This implies that under low soil-N both crops were competing 
for the same N pool, and that any increase in N uptake by 
maize was matched by an equivalent decrease in N uptake by 
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Figure 2. Dry matter (DM), N and P (a, b and c) accumulated 
by maize (A), cowpea (O) and mixtures (A) at 9 
weeks after sowing in the first season; LERs for 
dm ( ), N ( ) and P (•••) are given in (d); 
SD (22 d.f.) for maize and cowpea dm, N and P are 
0.54 and 0.19, 10.9 and 6.3, and 1.22 and 0.60, 
respectively; SD (28 d.f.) for dm, N and P LERs 
are 0.13, 0.12 and 0.16 
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cowpea. This response is unexpected. Because cowpea was 
nodulated, it potentially had an extra source of N (atmos­
pheric Ng) that was not available to maize. But apparently, 
the cowpea Ng-fixation advantage was partially lost, and 
also, cowpea was a weak competitor for mineral N, in both 
and N2P2 conditions, because each cowpea plant accumu­
lated less N in mixture than in monoculture (Figure 2b). This 
did not occur in where N had been added but maize 
growth was somewhat limited by P. 
Changes in N-LERs between Nj^P2 and N2P2 depended less 
on cowpea than on maize response, because whereas under 
N2P2 each maize plant in mixture accumulated slightly more 
N than in monoculture, under N2P2 each maize plant accumu­
lated much more N in mixture. 
The slight S-shape response for cowpea N accumulation 
(Figure 2b), which was best fitted by a cubic function, 
indicates that cowpea accumulated more N per plant in Mc 
than in the other mixtures. The implication of such a re­
sponse is that 1^2 fixation per plant was larger, or cowpea 
competitiveness for mineral N was improved, when cowpea 
was a minority in the mixture (Hall, 1978). It is possible 
that under those conditions each cowpea plant could develop 
a larger canopy and thus partly diminish the effect of shad­
ing, and/or that larger Ng fixation was induced by a more 
drastic mineral N depletion by maize. 
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Under NgPi# each cowpea plant produced more dry matter 
and had a higher P concentration (0.31 vs 0.28gg) in mixtures 
than in monoculture, whereas maize dry matter production 
and P uptake per plant was unchanged by cropping system 
(Figures 2a and 2c). The fact that maize was more limited 
by low P allowed cowpea to be more competitive. Under N2P2» 
where each maize plant produced more dry matter and accumu­
lated more F in mixtures, cov/pea dry matter per plant was un­
changed and its P concentration was reduced (0.36 vs 0.29%) 
by intercropping. 
It is noteworthy that dry matter LERs > 1 were obtained 
whether cowpea or maize was relatively more competitive 
(Figure 2d). Reversal of dominance by fertilization is com­
mon where competition occurs for both light and nutrients, 
because the shoot growth of the species adapted to high 
nutrient status generally responds more to fertilization 
than does the shoot of the species adapted to low nutrient 
status (Trenbath, 1976), A similar reversal of dominance 
also occurred between and N2P2 at 7 weeks after sowing 
during the second season (Appendix Figure A2a), where higher 
temperatures allowed faster cowpea growth. 
The lower cowpea P concentration in mixtures under N2P2» 
which also was found at 11 weeks after sowing under both 
N2P2 and N2P2* and in all cases led to an average P-LER = 1, 
has no simple explanation as dry matter production by cowpea 
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apparently was not impaired. In the second season, a lower 
P concentration in mixtures did not occur (compare Appendix 
Figures A3a and A3c). 
Eleven weeks 
Eleven weeks after sowing was just one week before the 
first cowpea pod harvest. It was probably near its peak in 
dry matter accumulation (Chaturvedi et al., 1980), On the 
other hand, although maize had just begun silking, it had 
accumulated only about half of its total dry matter (Appendix 
Table AlO). 
Each maize plant accumulated more dry matter, N and P 
in all mixtures than in monocultures (Figure 3). Its 
"dominant" role became apparent under all fertilization 
regimes. Even though cowpea was not strictly "dominated", 
because its dry matter per plant in mixtures was generally 
not smaller than that in monoculture, it can be stated that 
cowpea was, relatively speaking, a weaker competitor than 
maize. 
Cowpea dry matter per plant was the same in mixture as 
in monoculture, except that it was larger in Mc under N^Pg 
and #2^1 (Figure 3a), implying that cowpea competitiveness 
was improved when it was a minority in the mixture only when 
the fertilization regime was low. These responses were 
critical for the attainment of LERs > 1 under all fertiliza­
tion regimes. 
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Figure 3. Dry matter (DM), N and P (a, b and c) accumulated 
by maize (^), cowpea (O) and mixtures (A) at 11 
weeks after sowing in the first season; LERs for 
dm ( ), N ( ) and P (•••) are given in (d); 
SD (22 d.f.) for maize and cowpea dm, N and P are 
1.06 and 0,23, 13.8 and 7.6, and 1.81.and 1.09, 
respectively; SD (28 d.f.) for dm, N and P LERs 
are 0.14, 0.13 and 0.21 
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Cowpea N concentration was smaller in mixtures than in 
monoculture (2.80 vs 3.13%), which led to a N-LER of about 
one under N2P2» but under it was greater than one 
(Figure 3d). It is conceivable that, after N fertilization, 
maize not only took up the largest share of this nutrient, 
but also shaded cowpea so severely that it reduced substan­
tially its Ng-fixing capability. If so, the reduced Ng 
fixation had no immediate effect on dry matter production, 
since its LER exceeded one. However, as will be discussed 
later, it may have influenced seed production. 
The improvement in N-LER from 9 to 11 weeks after sowing 
under probably occurred because, whereas maize was still 
accumulating substantial amounts of N, intercropped cowpea 
was not. Thus, probable differences in the length of the 
period for N uptake may have resulted in complementary use of 
this resource. Enyi (1973) has reported large leaf area and 
yield reduction in maize by an aggressive cowpea cultivar, 
apparently because both crops had large nutrient requirements 
and their period of intense uptake of these nutrients 
coincided. 
In the second season, maize and cowpea responses were 
similar to those of the first season (Appendix Figure A4). 
Larger P-LERs during the second season probably were related 
to the substantial increase in soil-P availability. 
The onset of the reproductive stages was affected very 
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little by either fertilization or intercropping (Appendix 
Tables A12 and Al3). From sowing to the beginning of cowpea 
blooming and pod filling, there were 58 and 65 days in the 
first season and 51 and 57 days in the second season. The 
appearance of the first ripe pod, measured only in the second 
season, occurred 15 days after the beginning of pod filling. 
From sowing to maize tasseling and silking, there were 69 
and 74 days in the first season and 63 and 66 days in the 
second season. 
Seed Yield 
Maize seed yields generally were increased by the addi­
tion of N or P (Figures 4a and 5a). Phosphorus limited maize 
yields more strongly in the first season, and N did so in the 
second season where the availability of native soil-P had been 
substantially increased. Cowpea seed yields in monoculture 
were the same at all fertilization levels during the first 
season, but were increased by N fertilization in the second 
season. In mixtures, cowpea seed yields were the lowest in 
the high fertilization regimes both seasons, although the 
difference was not statistically significant the second 
season where the coefficient of variability was greater. 
The yield component most strongly associated with changes 
in seed yield was the number of fruits; i.e., pods (r=0,97) 
or ears (r=0.64). 
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Figure 4. Maize (A) and cowpea (G) seed yields in absolute 
(a) and relative (b) amounts in the first season; 
mixtures LERs are given by (A); SD (22 d.f.) for 
maize and cowpea are 0.49 and 0,10 in (a) and 
0.05 and 0.07 in (b); SD (28 d.f.) for LER is 0.08 
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Figure 5. Maize (A) and cowpea (O) seed yields in absolute 
(a) and relative (b) amounts in the second season; 
mixtures LERs are given by (A) j SD (22 d.f.) for 
maize and cowpea are 0,50 and 0.24 in (a) and 0,08 
and 0.23 in (b); SD (28 d.f,) for LER is 0,24 
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As the yielding ability of maize and cowpea monocultures 
were substantially different, and also their seed selling 
prices are commonly inversely related, mixture evaluations 
are better made in relative terms (LER) than in absolute 
terms (kg/ha), as discussed in the previous section. 
Both seasons, seed LER of mixtures were significantly 
larger than one in and NgP^, but were, on the average, 
equal to one in N2P2 (Figure 4b and 5b). Thus, whereas the 
same yield would have been obtained by either mixtures or 
monocultures under high fertilization, under low fertiliza­
tion more land in monocultures would have been needed to 
produce the same yield as was produced by a hectare of mix­
ture (Table 1). 
Maize yield per plant was larger in mixture than in 
monoculture both seasons, under all fertilization regimes. 
This type of maize response coupled with a similar cowpea 
yield per plant, whether in mixture or monoculture under N^Pg 
and resulted in LERs > 1 in these regimes. But, under 
N2P2» where cowpea yield per plant was reduced by intercrop­
ping, an LER of about one was obtained because maize yield per 
plant increases with reduced density were not large enough 
to "overcompensate" for the cowpea yield depressions. Because 
maize yield was improved when either N or P was added, whereas 
cowpea yield was diminished, it is believed that light was the 
main limiting resource for cowpea. 
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Table 1. Area (ha) under 
the same yield 
monocultures 
as one hectare 
required to produce 
of mixture 
Season 
Fertilizer 
level 
Mixtures^ 
LËR Cowpea Maize 
First V2 1.08 0.43 0.65 
"2^1 1.20 0.50 0.70 
^2^2 1.00 0.37 0.63 
LSD, 0.05^ 0.06 
Second N1P2 1.22 0.53 0.69 
^2^1 1.20 0.55 0.65 
N2P2 1.00 0.31 0.69 
LSD, 0.05b 0.19 
^Averaged over all crop proportions. 
^To compare fertilizer levels. 
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DISCUSSION 
Data from replacement series experiments have often been 
fitted by hyperbolic equations developed by C. T. de Wit and 
colleagues (de Wit, 1960; de Wit and van den Bérgh, 1965; 
de Wit et al., 1966) to assess the competitive ability of two 
species in mixture, and to determine if species compete for 
the same resources. The hyperbolic constant for each species, 
known as its relative crowding coefficient, "k", is taken as a 
measure of its competitive ability. Hall (1974a,b) has 
compared "k" values for dry matter and for nutrient accumula­
tion in a situation where a given nutrient was "limiting" to 
those in a situation where the nutrient was in "nonlimiting" 
amounts, to make inferences about the degree of competition 
for the nutrient, and to determine its role in dry matter 
production. 
We did not use the equations mentioned above, because 
cowpea responses were frequently S-shaped—best fitted by 
cubic than by quadratic functions—thus, "k" was not a 
constant; it was frequency dependent (Appendix Table All). 
Instead, we relied on changes in yield per plant of each 
species, as affected by intercropping and fertilization, to 
make inferences about their relative competitive ability. 
To determine if there was a causal relationship between nutri­
ent uptake and dry matter production, their LERs were compared. 
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Strong competition for soil-N by intercropped cowpea 
and maize, which affected dry matter production, was apparent 
in the low N fertilization regime between 7 and 9 weeks after 
sowing when both crops were accumulating this nutrient at 
very large rates. It was diminished by N fertilization and 
also was less later in the season when only maize was 
accumulating significant amounts of N. Ng-fixation, which 
potentially would have provided cowpea with an extra source 
of N not available to maize, apparently, was not fully 
realized in mixture, as cowpea generally accumulated less N 
per plant in intercrops than in monoculture. 
Shading probably reduced its Ng-fixation, as has been 
reported elsewhere for cowpea (Dart and Mercer, 1965), 
soybean (Glycine max (L.) Merr.) (Wahua and Miller, 1978a,b) 
and common bean (Phaseolus vulgaris L.) (Graham and Rosas, 
1978). 
Competition for P could not be properly assessed, as 
changes in plant F content were not related to dry matter 
production. 
Dry matter productivity, measured by LER, generally was 
greater in mixtures, probably due mostly to a more efficient 
utilization of light, at least early in the season. Most of 
this advantage was because maize showed little effect of 
interspecific competition, its dry matter per plant becoming 
greater as there were fewer maize plants in mixture. The 
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cowpea contribution was smaller but also important, because 
even when maize was substantially taller, cowpea dry matter 
production per plant in mixture generally was not smaller 
than that in monoculture; i.e., for cowpea, intra- and inter­
specific competition were similar. 
The dry matter productivity advantage in mixtures was 
not necessarily translated into a seed productivity advantage, 
as seed LERs were greater than one only in the low fertiliza­
tion regimes. When N and P were added, maize yields were in­
creased, whereas cowpea yields were reduced, resulting in 
LERs of about one. 
If shading was the cause of cowpea seed yield depression 
under N2P2» it did not become important until late in the 
reproductive phase, because cowpea dry matter per plant had 
not been affected at 11 weeks after sowing. The availability 
of N during the fruiting period is critical for cowpea seed 
production (Summerfield et al., 1976). It is possible that 
shading during fruiting diminished substantially its N2~ 
fixation capability, while at the same time, cowpea was a 
very weak competitor for soil-N. Also, since a large portion 
of the cowpea seed N requirement is met by remobilization 
from leaves, stems and petioles (IITA, 1976j Littleton et al., 
1979), it is conceivable that shading also reduced the energy 
available for N remobilization. 
A decrease in legume yield and a concomitant increase in 
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maize yield as fertilization increases also has been reported 
by others (Ahmed and Gunasena, 1979; Cordero and McCollum, 
1979; Mongi et al., 1976), and was attributed to increased 
shading as maize growth was improved. 
In general, greater mixture seed productivity was ob­
tained when little or no depression in cowpea yield per plant 
was coupled with a greater maize yield per plant. A large 
cowpea yield depression could not be "overcompensated" by 
greater maize response. Mixtures where cowpea and maize 
competitiveness were not too dissimilar tended to result in 
greater productivity. The importance of cowpea competitive 
ability in determining mixture productivity can be evaluated 
by the Competitive Ratio, an index recently proposed by 
Willey and Rao (1980). It indicates the number of times by 
which one intercrop is more competitive than the other, and 
is calculated as follows: 
where CR is the Competitive Ratio for species a in mixture 
with b, and are the proportions of species a and b in 
the mixture, and and Lj^ are the relative yields (intercrop/ 
monoculture) of species a and b. 
A plot of LER versus cowpea Competitive Ratio (Figure 6) 
indicates a highly significant relationship between larger 
LERs and improved cowpea competitiveness. Greater productivity 
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of mixtures was obtained when cowpea was nearly as competi­
tive as maize, which occurred mainly in the Mc and mc mix­
tures under, the low fertilization regimes. The fact that 
often cowpea competitiveness appeared to be improved when it 
was a minority in the mixture has no clear explanation. 
During the growing season there were two instances where 
cowpea was found more competitive than maize, at 9 weeks and 
7 weeks after sowing during the first and second seasons, 
respectively. It occurred because P limited maize more than 
cowpea growth. The fact that this competitive relationship 
was reversed by P addition, and later in the season when 
maize grew taller, indicates the importance of light when the 
intercrops differ greatly in size and height. 
Faster cowpea growth, or a relatively earlier sowing 
time, which would allow greater cowpea dry matter accumula­
tion before maize becomes too large, may result in greater 
cowpea yields and mixture productivity, if maize were not 
affected importantly. 
Low fertilization levels should be considered in inter­
cropping research, as that is the situation most common on 
small farms in the tropics, and it is where species comple­
mentarity and mixture advantages seem to be expressed. 
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PART II. THE EFFECT OF FERTILIZATION AND 
POPULATION DENSITY 
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INTRODUCTION 
"Additive" experiments have been popular in intercropping 
research. This is where at least one of the intercrops is 
sown at the same population density as is normally used in 
monoculture (Pinchinat et al., 1976). The disadvantage of 
such an approach is that, if no provision is taken to assure 
that monocultures are at their optimum population densities, 
the mixture yield benefit is illusory, attributable only to 
its greater population density (Spitters, 1980). "Replacement" 
experiments (de Wit, 1960) avoid this bias because mixtures 
and monocultures are all at the same total population density. 
In replacement experiments, whenever a LER greater than 
one is obtained, it is said that intercrops do not compete 
for the same resources, and it suggests that the optimum 
population density can be higher in mixtures than in either 
monoculture (Spitters, 1980). Thus, to ensure that the maxi­
mum mixture productivity can be compared with the maximum 
monoculture productivity, a range of population densities 
should be tested (Osiru and Willey, 1972; Willey and Osiru, 
1972). The cases where larger mixture populations more likely 
are needed to maximize productivity are those where the inter­
crops differ greatly in their growth patterns and time of 
maturity (Willey, 1979a,b). 
In a previous experiment (see Part I), using the replace­
ment approach, we studied the effect of N and P fertilization 
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levels on dry matter and seed production by intercropped 
cowpea (Viana unauiculata (L.) Walp.) and maize (Zea mavs 
L.). In this experiment, we intended to determine whether 
the effect of these nutrients are modified by population 
density, and if mixtures need a larger population density 
than monocultures for overyielding. 
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MATERIALS AND METHODS 
The experiment was carried out at the Tropical Agri­
cultural Research and Training Center (Centro Agrondmico 
Tropical de Investigacion y Ensenanza, C.A.T.I.E.), at 
Turrialba, Costa Rica, during November 1979 through April 
1980. C.A.T.I.E. is at 9° 53'N, 83° 38'W, and at elevation 
of 600 m. Total rainfall, range in monthly mean temperatures 
and average daily insolation during the season were 595 mm, 
20.3 to 22.2 C and 183 w/m^. 
The soil is an Institute clay loam (fine, mixed, isohy-
perthermic Typic Distropepts). A chemical analysis of a com­
posite of 30 soil samples (0-20 cm), taken before sowing, 
provided the following test values: pH 5.1, organic matter 
6.6%, N 0,29%, available P 7.5 \ig/g, and 0.42, 3.70 and 1.15 
meq/lOO g soil of K, Ca and Mg, respectively. The field had 
previously been used for a maize/cassava (Manihot esculenta 
Crantz)/ snap-beans (Phaseolus vulgaris L.) experiment, 
followed by fallow. 
The double-cross maize hybrid, DeKalb B-656, and the 
semierect cowpea cultivar CENTA 105 were sown simultaneously 
on November 23 to 26, 1979. Cultural practices were similar 
to those reported for the first experiment of this series. 
Treatments included maize (M) and cowpea (C) monocultures 
and three mixtures of the two. The proportions of each 
species in mixture were: 0.75 maize + 0.25 cowpea (Mc), 0,50 
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maize + 0,50 cowpea (mc), and 0.25 maize + 0.75 cowpea (mC). 
This set of treatments is known as a replacement series 
(de Wit, 1960). Mixtures were formed by replacing one maize 
plant by two cowpea plants. 
Replacement series were generated at three population 
densities. Low, normal and high population densities con­
sisted of 2.5, 5.0 and 7.5 plant "units"/m^. A plant "unit" 
refers to either one maize or two cowpea plants. Two cowpea 
plants were considered equivalent to one maize plant because 
in monoculture the density of cowpea normally would be about 
twice that of maize. 
Replacement series at each of the three population den­
sities were grown at each of three fertilization levels: 
N^Pg, N2P2 and N2P2' where and P^ indicate no N or P fer­
tilization, and Ng and Pg indicate fertilization with 75 kg N 
and 43 kg P/ha. The fertilizers, ammonium nitrate and simple 
superphosphate, were broadcast, but not incorporated, at 
sowing time. 
In monocultures and mixtures, maize was in 1 m rows. 
Cowpea monoculture was in 0.5 m rows, but in mixtures, it was 
in a row placed midway between the maize rows. Both crop 
proportions and population densities were obtained by adjust­
ing intrarow spacings (Appendix Table Bl). 
The experimental design was a split-plot. The whole 
plots were the population densities, and were assigned at 
random in three replicates. Replacement series at all fer-
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tilization levels were assigned at random in each whole plot. 
The size of an experimental plot was 5 x 7 m, out of 
which the middle 3 x 5 m were harvested for seed yield. Cow-
pea pods were harvested and counted biweekly, 12 to 18 weeks 
after sowing. After threshing pods, all seeds were oven-
dried and weight was standardized to 12% moisture. Maize 
ears were harvested and counted 20 weeks after sowing. After 
shelling, the fresh kernel weight was recorded, and a sub-
sample from each plot was oven-dried for moisture determina­
tion. Gram weight was standardized to 14% moisture. Hundred-
seed weight of cowpea and maize was determined from a sample 
of 200 seeds. At harvest, the number of plants and plant 
height were recorded. 
A standard analysis of variance was performed for all 
variables measured, including the Land Equivalent Ratio (LER), 
which was calculated from the relative yields in each repli­
cate. Single degree of freedom comparisons between treatments 
were made by orthogonal contrasts. 
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RESULTS AND DISCUSSION 
Stand counts made at harvest time indicated that indi­
vidual crop densities were very close to the desired levels 
(Appendix Tables B2 through B4). In some cases, the highest 
population densities were not achieved in monocultures, but 
this is regarded as unimportant for interpretation, as mono­
culture yields were not improved by greater than normal 
population density. 
Cowpea began blooming and filling pods about 54 and 60 
days after sowing. Maize began tasseling and silking about 
64 and 69 days after sowing. Although the onset of these 
reproductive stages was significantly affected by some treat­
ments, the differences were not considered agronomically im­
portant, as they commonly were less than 2 days. 
Cowpea canopy height was increased about 4 cm by each 
increase in population density (0.47, 0.52 and 0.56 m in the 
low, normal and high densities). It was not affected by fer­
tilization level, but was 4 cm higher in the Mc mixtures. 
Maize height was not significantly affected by population 
density. It was increased by high fertilization (2.31, 2.27 
and 2.41 m in N^Pg, NgP^ and N2P2)» and it was slightly de­
creased by intercropping only in the mC combination. 
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Seed Yield 
The lack of N fertilization caused some leaf yellowing 
in maize, but had only a small influence on its seed yield. 
Thus, the only fertilization regime where maize growth and 
yield were limited was NgP^, where no P had been added 
(Figure 7). 
Maize yields were less at the low population density and 
increasing density from the normal to the high level improved 
yield only in mixtures with high P. These are typical maize 
monoculture responses; i.e., yields are improved, to a certain 
extent, by an increase in population and/or fertilization. 
However, when fertility is limiting, yields may not increase, 
and in fact, may decrease as population is increased (Lang 
et al., 1956). 
Cowpea monoculture yields were unchanged by either fer­
tilization or population density (Figure 7). Cowpea inter­
crop yields were unchanged by increasing population density 
from the low to the normal level, but from the normal to the 
high level, intercrop cowpea yields were reduced under high P. 
Yields of both maize and cowpea were expected to decrease 
in mixtures, as in mixtures there were fewer plants of each 
species than in monoculture. However, the proportional yield 
reduction of maize in mixtures was significantly less at low 
P than in the other fertilization regimes, implying that P 
limited maize productivity at low P. When P was added, maize 
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CROP PROPORTIONS 
Maize (A) and cowpea (O) seed yields at 2.5 (a), 
5 (b) and 7.5 (c) plant units/m^; one plant unit 
is equal to 1 maize or 2 cowpea plants; SD (66 
d.f.) was 589 for maize and 84 for cowpea 
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growth was improved, resulting in heavy shading and reduced 
productivity of cowpea (see Part l). 
Our assumption that the optimum (normal) population 
density for monoculture maize was 5 plants/m seemed correct 
under high P, because the high population density did not in­
crease monoculture yields. Under NgP^, however, fewer than 
9 • I 
5 plants/m were capable of producing maximum yields. Mono­
culture cowpea yields were not improved by population den-
sities greater than 5 plants (2.5 plant units)/m . However, 
at this density, it takes a long time for cowpea to attain 
full ground cover; hence, weed control may become a serious 
2 problem. So it is reasonable to consider 10 cowpea plants/m 
a "normal" population density, as we had assumed. 
By comparing selected treatments, it is possible to cal­
culate the change in yield of each crop when the population 
of the associated crop is increased. At all cowpea popula­
tions, cowpea yield was substantially reduced by the addition 
of maize (Table 2). The addition of 1.9 plants/m^ to a "full" 
2 • 
coifpea population (9.8 plants/m ) reduced cowpea yield by 
half. In this particular comparison, the cowpea yield reduc­
tion in mixture could be attributed, in part, to greater 
intraspecific competition because cowpea was at wider rows 
in mixtures than in monoculture (1.0 vs 0.5 m). However, in 
other combinations strong maize competition was consistently 
evident. 
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Table 2. Cowpea seed yield in selected treatments, averaged 
over fertilization levels ; actual plant counts at 
harvest are given rather than sown densities 
Cowpea Maize Cowpea yield 
2 plants/m kg/ha 
2.6 1.4 487 
3.8 265 
3.6 0.7 688 
5.7 205 
5.0 0 1,096 
2.6 425 
6.8 1.4 656 
3.8 308 
9.8 0 1,008 
1.9 481 
LSD, 0.05 = 80 kg/ha 
2 At low maize population density, 1.4 plants/m , an in-
crease in cowpea density from 2.6 to 6.8 plants/m resulted 
in improved cowpea yields, but when maize population was 
greater, 3,8 plants/m , the same increase in cowpea popula­
tion density did not improve its yield. Clearly, at each 
maize density, there was a limit for cowpea productivity, 
regardless of the number of cowpea plants. This yield limit 
was lower than that of monoculture cowpea at the same cowpea 
population density, and it became less as maize population 
increased. Thus, 6.8 cowpea plants/m^, which in monoculture 
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would produce maximum yields, produced only about 65 and 
30% of maximum yield when it was intercropped with 1.4 and 
o 
3.8 maize plants/m . 
Bean (Phaseolus vulgaris L.) yields have also been shown 
to be substantially reduced by intercropped maize. At CIAT, 
Colombia, when maize and a large number of bean cultivars 
were sown simultaneously, on the average, bush beans produced 
only 52% and climbing beans only 31% as much yield as their 
monocultures (Francis et al., 1978a,b). In those trials, 
intercropped beans and maize were at 100% and about 70% of 
their optimum monoculture population densities, respectively. 
Maize yields were improved by increase in maize popula­
tion, regardless of the intercropped cowpea population densi­
ty (Table 3). At any given maize population, an increase in 
cowpea density generally did not change maize yields. One 
exception occurred where the yield of 2.5 maize plants/m 
2 ^ intercropped with 4.8 cowpea plants/m was significantly 
greater than that of 2.5 maize plants/m in monoculture, par­
ticularly in the low phosphorus regime. It is not known 
whether this was a chance event or a true benefit from cowpea. 
Significant amounts of N "transfer" probably did not occur 
in this association, although it does occur when the nonlegume 
intercrop continues to take up N for a relatively long time— 
probably several months—after the legume has senesced 
(Agboola and Fajemi, 1972; Henzell and Vallis, 1977). Others 
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Table 3. Maize seed yield in selected treatments, averaged 
over fertilization levels; actual plant counts at 
harvest are given rather than sown densities 
Maize Cowpea Maize yield 
2 plants/m kg/ha 
1.4 2.6 3,013 
6.8 3,071 
1.9 1.3 3,702 
9.8 3,794 
2.5 0 4,524 
4.8 5,219 
3.8 2.5 6,263 
6.8 5,889 
5.0 0 6,627 
5.7 3.6 6,562 
LSD, 0.05 = 555 kg/ha 
have found that maize yields are decreased by intercropped 
cowpea when the soil-N is very low (Ahmed and Gunasena, 1979) 
or when the cowpea cultivar is very vigorous (Enyi, 1973). 
LER 
Mixture LERs exceeding one were obtained in all cases, 
except under N2P2 at the low population density (Figure 8). 
Most of the LER advantage was attributable to a maize hyper­
bolic response to crop proportion; i.e., as the proportion of 
maize in the mixture declined, each maize plant produced more 
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Figure 8. Maize (A) and cowpea (O)  relative yields, and LER 
(A) at 2.5 (a), 5 (b) and 7.5 (c) plant units/m ; 
one plant unit is equal to 1 maize or 2 cowpea 
plants ; SD (84 d.f.) for LER was 0.13 
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seed. This is a feature of strong competitors. In contrast, 
cowpea seed yield per plant generally was not greater, and in 
some cases, it was less in mixture than in monoculture. 
Cowpea yield response to crop proportion was frequently 
S-shaped (Figure 8), best fitted by a cubic than by a linear 
or quadratic function, implying that its competitiveness was 
improved when it was a minority in the mixture, just as we 
found in our earlier experiments. It could be argued that, 
when cowpea row spacing was changed from 0.5 m in monoculture 
to 1.0 m in mixtures, cowpea was at an intrarow spacing that 
would increase intraspecific competition, particularly in mC. 
However, this does not seem to be the reason for cowpea's 
stronger competitiveness with maize at Mc, because the same 
cowpea response to crop proportion also occurred at the low 
population density where intrarow spacings were large. The 
cowpea S-shaped response was partly responsible for obtaining 
generally larger LERs in the Mc and mc mixtures, especially 
under low fertilization at low and normal population densities. 
At the normal and high population densities (Figures 8b 
and 8c), had larger LERs than N2P2* This would have 
occurred even if in monocultures had always produced 
maximum yields, because, whereas cowpea yield per plant was 
generally little affected by intercropping under NgP^, it was 
clearly depressed under N2P2• 
In the first paper of this series, we reported that LERs 
60 
greater than one were obtained only when no N or P had been 
applied. In the present experiment at a comparable population 
density (5 plant units/m ), LERs greater than one also were 
obtained when both N and P were applied (Figure 8b). Al­
though in both cases cowpea yield per plant was reduced in 
mixtures, in the present experiment the increase in inter­
cropped maize yield per plant was greater, so as to "over-
compensate" for the cowpea yield reduction. 
LERs were improved by population density increase from 
the low to the normal level under all fertilization regimes 
(Table 4). But, from the normal to the high population densi­
ties, LERs were further improved only under NgP^' Here LER 
was overestimated, as monoculture maize yield was substan­
tially less than the maximum yield, which occurred at Mc 
(Figure 7c). Under high population density, LERs were un­
changed in N2P2» were reduced in N^Pg, because an in­
crease in maize yields was accompanied by a decrease in cowpea 
yields (Table 4). 
These results imply that complementarity in the use of 
resources, which brings about a mixture advantage, was larger 
when P was low; i.e., when maize growth and yield was not so 
great as in the other fertilization regimes. When popula­
tion density was high and fertilization was also high, shading 
probably was the cause of cowpea yield depression. 
Increases in total population density can result in the 
weaker competitor producing a smaller proportion of the total 
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Table 4. Mixture LERs, and intercrop relative yields (pro­
portion of their monoculture yields), averaged over 
crop proportions 
Fertilizer 
level 
Population 
density 
Mixture 
LER 
Intercrop vield 
Cowpea Maize 
Ni?, Low 1.10 0.50 0.60 JL 6 Normal 1.20 0.49 0.71 
High 1.10 0.30 0.80 
Low 1.09 0.45 0.64 
Normal 1.26 0.46 0.80 
High 1.50 0.49 1.01 
Low 1.00 0.42 0.58 
z z Normal 1.12 0.40 0.72 
High 1.17 0.29 0.88 
LSD, 0.05 0.10 0.08 0.10 
yield (Figures 7b and 7c), which can be undesirable under some 
circumstances. Mead and Willey (1980) have proposed a method 
of calculating an "effective LER", which evaluates mixture 
performance based on the yield proportions "required" by the 
farmer. One factor determining the required proportions is 
the relative selling price of the products. If the seeds of 
the suppressed, low-yielding crop have a very large price 
advantage over the other crop, the farmer may be attracted by 
a mixture which would allow the suppressed crop to produce a 
large proportion of the total yield (Willey and Osiru, 1972). 
In our experiment and considering only the normal popula-
tion density (5 plant units/m ), maize in monoculture produced 
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about 6 to 7 times more seed yield than cowpea in monoculture, 
which is a difference far greater than that normally found on 
small farms. We believe this wide variance in monoculture 
yields occurred because of the better fertility of the ex­
periment station soils and our use of a high-yielding maize 
hybrid. The small farmer normally would use a low-yielding 
open-pollinated maize. Hence, an economic analysis based on 
selling prices common in Costa Rica may not be appropriate 
for comparing the relative gross income from each cropping 
system of this experiment. Moreover, a complete economic 
evaluation should also consider the cost of inputs, which 
likely would differ for all cropping systems. 
If, at each fertilization level, the selling price ratios 
for maize and cowpea were such that the gross income obtained 
from both monocultures were the same, the relative gross in­
come from mixtures would have been exactly as the LERs shown 
in Figure 8. It may be argued that, normally, there must be a 
close inverse relationship between selling price ratio and 
monoculture yield ratio, provided that the cost of production 
does not differ greatly; otherwise, farmers would be more 
attracted by the higher-yielding, higher-priced crop only. 
Another factor that may determine the "required" propor­
tion of intercrop yields could be dietary need, although it 
too can ultimately be transformed into economic terms. This 
problem is not restricted to intercropping of seed crops. In 
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grass-legume swards, Donald (1978) claims that an optimum 
yield proportion should be considered because grasses 
generally can produce larger amounts of dry matter than 
legumes, but they are of poorer nutritive quality. 
The large difference in yield that we obtained between 
monoculture cowpea and maize does not make our results irrele­
vant for small farms, as still we are able to demonstrate the 
importance of fertilization and population density in inter­
crop competition and management. Others (Desir and Pinchinat, 
1976; Francis et al., 1978a,b; Garcia and Pinchinat, 1976; 
Osiru and Willey, 1972; Willey and Osiru, 1972) have reported 
large advantage from cereal-legume mixtures under high levels 
of fertilization. It is possible that in those trials, 
larger LERs would have been obtained if lower fertilization 
levels had been used. 
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CONCLUSIONS 
The level of maize population generally imposed a limit 
on the yield of intercropped cowpea. This limit could not be 
overcome by increasing cowpea population density. Thus, 
there is no need to use a "full" population of cowpea (a 
monoculture optimum level) when intercropping even with low 
maize populations. Maize yield was influenced by its own 
population density and by fertilization, but not by cowpea 
population density. 
Large LERs for seed yield indicated that there was sub­
stantial benefit to intercropping, especially under low fer­
tilization, normal population density and when cowpea was not 
a majority component in the mixture. Large LERs were a con­
sequence of a lack of substantial decrease in cowpea yield, 
coupled with overcompensation by maize. LERs were larger in 
the low P regime, implying that complementarity (the use of 
resources which are not exactly the same for both intercrops) 
was better expressed where maize growth and yield was somewhat 
limited. Only in this situation could it be said that the op­
timum population density for mixtures was larger than that of 
monocultures. 
65 
GENERAL SUMMARY AND CONCLUSIONS 
It is generally believed that competition for nitrogen 
is minimal in legume-cereal mixtures, because the former has 
the ability to provide most of its N needs through symbiotic 
Ng-fixation. However, in this study, strong competition for N 
occurred when mineral N was not applied and both cowpea and 
maize had large N demands. Competition for N was decreased 
by N fertilization and also was less late in the season when 
only maize had large N needs. Cowpea accumulated less N per 
plant in mixture than in monoculture, implying that it was a 
weak competitor for mineral N and that N^-fixation was im­
paired by intercropping. 
Competition for phosphorus was not apparent, as changes 
in plant P content had no relation with dry matter production. 
In the first experiment, dry matter LERs measured near 
cowpea maturity were greater than one under all fertilization 
regimes, indicating that mixtures utilized the land more 
efficiently than monocultures. However, for seed LERs, this 
was true only under the low N and low P regimes. Additions 
of N and P increased maize yields, but decreased cowpea yields 
resulting in an LER of about one» Severe shading late in the 
reproductive phase probably was the cause of cowpea yield 
reductions. 
The importance of light when intercrops differ greatly 
in size and height was also evident during the growing season. 
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In two instances where P limited maize more than cowpea 
growth, cowpea was more competitive than maize, but their 
competitive relationship was reversed by P addition, and 
when maize grew taller later in the season. Therefore, 
greater mixture advantages may be expected where cowpea is 
capable of accumulating substantial dry matter before maize 
becomes too large; i.e., by using a faster growing cowpea 
cultivar or by sowing cowpea earlier. 
Increasing population density above the levels commonly 
used in monocultures increased seed LERs only in the low P 
regime, where maize growth and yield were somewhat limited. 
In the other fertilization regimes, there was no need of in­
creasing population density, because maize yield increases 
were coupled with cowpea yield reductions. 
Cowpea competitiveness and LERs were often improved when 
cowpea was not a majority in the mixture. The reason for 
cowpea being more competitive at some proportions than at 
others is unknown, although it is conceivable that at low 
densities more leaf area per plant may have allowed greater 
Ng-fixation for cowpea. 
The yield of intercropped cowpea generally was limited 
by maize population density. Increasing cowpea density in 
mixtures did not improve yield. Therefore, there is no need 
of using cowpea populations at the monoculture optimum level 
when intercropping even with low maize population densities. 
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Conversely, the yield of intercropped maize generally re­
sponded only to its own population density and to fer­
tilization. 
It is suggested that low fertilization levels should be 
considered in intercropping research, because that is the 
condition commonly found on small farms in the tropics, and 
it is where species complementarity and mixture advantage 
seems to be greatest. Even when no N was applied maize yields 
were quite high in these experiments, indicating that there 
was substantial soil N availability. To achieve results that 
are applicable to small-farm conditions, experiments such as 
these should be conducted on farms rather than on experimental 
station sites where high fertilization levels have been used. 
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Figure A2. Dry matter (DM), N and P (a, b and c) accumulated 
by maize (A), cowpea (O) and mixtures (A) at 7 
weeks after sowing in the second season; LERs for 
dm ( ), N ( ) and P (•••).are given in (d); 
SD (22 d.f.) for maize and cowpea dm, N and P are 
0,21 and 0,18, 6,1 and 6,4, and 0,76 and 0,71, re­
spectively; SD (28 d.f,) for dm, N and P LERs are 
0,19, 0,20 and 0,30 
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Figure A3. Dry matter (DM), N and P (a, b and c) accumulated 
by maize (A), cowpea (O) and mixtures (A) at 9 
weeks after sowing in the second season; LERs for 
dm ( ), N ( ) and P (**•) are given in (d); 
SD (22 d.f.) for maize and cowpea dm, N and P are 
0.61 and 0.33, 12.7 and 11.7, and 1.72 and 0.97, 
respectively; SD (28 d.f.) for dm, N and P LERs 
are 0.11, 0.14 and 0.12 
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Figure A4. Dry matter (DM), N and P (a, b and c) accumulated 
by maize (A), cowpea (O) and mixtures (A) at 11 
weeks after sowing in the second season; LERs for 
dm ( ), N ( ) and P (•••) are given in (d); 
SD (22 d.f.) for maize and cowpea dm, N and P are 
1.02 and 0.50, 16.3 and 10.1, and 2.16 and 1.05, 
respectively; SD (28 d.f.) for dm, N and P LERs 
are 0.18, 0.15 and 0.17 
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Table Al. Chemical properties of the soils in the experi­
mental areas 
Soil analysis 
Soil test value 
First Second 
season season Testing method 
PH 
N, % 
P» (ig/g 
Organic 
matter, % 
K, meq/ 
100 g soil 
Ca, meq/ 
100 g soil 
Mg, meq/ 
100 g soil 
5.2 5.2 
0.239 0.271 
7.5 16.7 
5.49 
0.46 
4.50 
1.35 
Exchange acidity, 0,7 
meq/lOO g soil 
5.86 
0.44 
4.67 
1.38 
0 . 8  
1:2.5 soil-vater suspension 
Semimicro-Kjeldahl 
(Bremner, 1965) 
Olsen (Olsen and Dean, 
1965) modified 
del Rio and Bornemiza 
(1961) 
Atomic absorption 
(Specht et al., 1965) 
Atomic absorption 
(Specht et al., 1965) 
Atomic absorption 
(Specht et al., 1965) 
KCl IN, NaOH O.OIN 
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Table A2. Plant units and intrarow spacing used for each 
crop to provide a mixture density of 5 plant 
units/m^ 
2 Plant units/m Intrarow spacing, cm 
series Maize Cowpea Maize Cowpea 
M 5.00 - 20.0 -
Mc 3.75 1.25 26.7 40.0 
mc 2.50 2.50 40.0 20.0 
mC 1.25 3.75 80.0 13.3 
C — 5.00 — 20.0 
^One plant unit = 1 maize plant or 2 cowpea plants. 
^See text for row spacings. 
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Table A3. Population densities and crop proportions at seed 
harvest time, in the first season 
Replace-
Fertilizer ment — 
level series Cowpea 
Plant units^/m'' 
Maize Total 
Crop 
proportions 
Cowpea Maize 
V2 
*2^1 
NgPg 
M - 4.75 4.75 —- 1.00 
Mc 1.33 3.75 5.08 .26 .74 
mc 2.38 2.33 4.71 .51 .49 
mC 3.63 1.33 4.96 .73 .27 
C 4.71 • — 4.71 1.00 — 
M — 4.17 4.17 — 1.00 
Mc 1.29 3.25 4.54 .28 .72 
mc 2.25 2.58 4.83 .47 .53 
mC 3.67 1.25 4.92 .75 .25 
C 4.71 — 4.71 1.00 — 
M — 4.67 4.67 — 1.00 
Mc 1.29 3.83 5.12 .25 .75 
mc 2.38 2.58 4.96 .48 .52 
mC 3.63 1.33 4.96 .73 .27 
C 4.96 - 4.96 1.00 -
^One plant unit = 1 maize plant or 2 cowpea plants. 
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Table A4. Population densities at 7, 9 and 11 weeks after 
sowing in the first season 
FL 
Plant units^/m^ 
Replace- 7 weeks 9 weeks 11 weeks tient 
eries Cowpea Maize Cowpea Maize Cowpea Maize 
M 4.67 4.75 4.08 
Mc 1.33 3.75 1.21 3.42 1.29 3.58 
mc 2.62 2.92 2.58 2.50 2.58 2.42 
mC 3.67 1.25 3.50 1.33 3.50 1.25 
C 5.12 — 4.87 — 4.83 — 
M — 4.50 — 4.75 — 4.33 
Mc 1.29 3.75 1.12 3.50 1.29 3.75 
mc . 2.58 2.50 2.54 2.50 2.37 2.50 
mC 3.67 1.17 3.71 1.25 3.46 1.17 
C 4.92 — 4.87 — 5.00 — 
M — 5.17 — 4.58 — 4.92 
Mc 1.17 3.83 1.37 3.58 1.29 3.83 
mc 2.46 2.50 2.42 2.42 2.62 2.50 
mC 3.58 1.25 3.50 1.25 3.50 1.33 
C 5.16 - 4. 83 - 5.04 -
*2^1 
NgPg 
^One plant unit = 1 maize plant or 2 cowpea plants. 
^FL, fertilizer level. 
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Table A5. Population densities and crop proportions at seed 
harvest time in the second season 
Fertilizer Plant unitsVm^ 
level series Cowpea Maize Total 
Crop 
proportions 
Cowpea Maize 
"1^2 
N2P1 
N2P2 
M - 5.00 5.00 - 1.00 
Mc 1.25 3.75 5.00 .25 .75 
mc 2.54 2.50 5.04 .50 .50 
mC 3.79 1.25 5.04 .75 .25 
C 4.96 — 4.96 1.00 — 
M — 4.92 4.92 — 1.00 
Mc 1.25 3.75 5.00 .25 .75 
mc 2.46 2.50 4.96 .50 .50 
mC 3.58 1.25 4.83 .74 .26 
C 4.96 — 4.96 1.00 — 
M — 4.92 4.92 — 1.00 
Mc 1.29 3.75 5.04 .26 .74 
mc 2.54 2.50 5.04 .50 .50 
mC 3.54 1.25 4.79 .74 .26 
C 5.00 - 5.00 1.00 -
^One plant unit = 1 maize plant or 2 cowpea plants. 
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Table A6. Population densities at 7, 9 and 11 weeks after 
sowing in the second season 
FL 
Plant units^/m^ 
7 weeks 9 weeks 11 weeks Replace­
ment 
series Cowpea Maize Cowpea Maize Cowpea Maize 
N2P1 
NaPg 
M - 4.92 - 4.67 - 4.92 
Mc 1.16 3.83 1.29 3.83 1.33 3.75 
mc 2.50 2.42 2.50 2.50 2.46 2.50 
mC 3.92 1.42 3.66 1.50 3.83 1.33 
C 4.87 — 5.16 — 5.12 — 
M 5.08 — 5.00 — 5.08 
Mc 1.37 3.83 1.25 3.83 1.25 3.75 
mc 2.42 2.67 2.67 2.50 2.33 2.50 
mC 3.75 1.25 3.75 1.25 3.58 1.25 
C 5.12 — 5.21 — 5.12 — 
M — 5.17 — 5.00 — 5.00 
Mc 1.25 3.83 1.29 3.67 1.29 3.75 
mc 2.46 2.50 2.54 2.58 2.54 2.67 
mC 3.79 1.33 3.96 1.33 3.62 1.33 
C 5.04 - 5.16 - 4.87 -
^One plant unit = 1 maize plant or 2 cowpea plants. 
^FL, fertilizer level. 
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Table A7. Cowpea canopy height and maize plant height in 
meters, first season 
FL^ 
Replace­
ment 
series 
Cowpea, 
samulina number 
Maize, 
samolina number 
1 2 3 1 2 3 
N.P, M .76 1.58 2.25 X z Mc .37 .48 .55 .66 1.47 2.35 
mc .43 .54 .55 .73 1.50 2.15 
mC .43 .56 .59 .74 1.44 2.05 
C .41 .47 .50 — — — 
N^Pl M — — • — .72 1.63 2.32 z ± Mc .38 .51 .56 .73 1.62 2.30 
mc .42 .57 .57 .66 1.49 2.22 
mC .43 .60 .60 .58 1.23 2.02 
C .38 .47 .52 — — — 
M — — mmm .86 1.73 2.38 
z z Mc .42 .52 .55 .89 1.75 2.50 
mc .46 .61 .59 .83 1.80 2.37 
mC .46 .58 .58 .81 1.63 2.26 
C .39 .49 .52 
LSD, 0.05 .07 .07 .05 .17 .33 .26 
^Samplings 1, 2, and 3 made at 7, 9, and 11 weeks after 
sowing, respectively. 
^FL, fertilizer level. 
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Table A8, Cowpea canopy height and maize plant height in 
meters, second season 
FL^ series 
^1^2 
N2P1 
^2^2 
1 Cowpea, Maize, 
sampling number sampling number 
M .84 1.83 2.20 
Mc .48 .52 .50 .85 1.70 2.28 
mc .58 .58 .56 .87 1.53 2.12 
mC .55 .60 .64 .85 1.65 1.93 
C .52 .53 .50 — — — 
M — — — 1.16 2.08 2.60 
Mc .48 .54 .49 1.20 1.77 2.25 
mc .60 .61 .64 1.13 1.83 2.35 
mC .60 .67 .64 .92 1.85 2.42 
C .48 .55 .56 — — — 
M — — — 1.27 2.03 2.51 
Mc .52 .56 .52 1.14 2.18 2.48 
mc .59 .63 .62 1.13 2.17 2.43 
mC .63 .65 .62 1.16 2.12 2.37 
C .55 .57 .55 - - . -
LSD, 0.05 .08 .06 .06 .21 .37 .24 
^Samplings 1, 2, and 3 made at 7, 9, and 11 weeks after 
sowing, respectively. 
b. PL, fertilizer level. 
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Table A9. Nitrogen uptake (kg/ha) during 7 to 9 weeks after 
sowing, first season 
Fertilizer Replacement Nitroc|;en 
level series Cowpea Maize Total 
^1^2 M Mc 
mc 
mC 
C 
8.6 
10.5 
22.1 
33.7 
55.8 
35.6 
2 8 . 2  
17.3 
55.8 
44.2 
38.7 
39.4 
33.7 
N2P1 M 
Mc 
mc 
mC 
C 
13.9 
17.5 
23.9 
29.3 
57.9 
33.3 
31.9 
13.1 
57.9 
47.2 
49.4 
37.0 
29.3 
^2^2 M Mc 
mc 
mC 
C 
12.5 
16.3 
21.5 
40.6 
39.6 
39.9 
27.9 
2 2 . 0  
39.6 
52.4 
44.2 
43.5 
40.6 
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Table AlO. Maize dry matter accumulation (kg/ha) between 11 
weeks after sowing and seed harvest^ 
Fertilizer Replacement First Second 
level series season season 
V2 
*2^1 
NgPg 
M 7,488 4,262 
Mc 7,329 3,538 
mc 5,299 2,308 
mC 3,018 1,902 
M 5,038 3,030 
Mc 6,014 2,733 
mc 6,265 2,648 
mC 2,409 1,597 
M 8,122 4,630 
Mc 6,794 6,170 
mc 5,674 2,957 
mC 3,686 1,265 
^Seven weeks in the first season, six weeks in the 
second season. 
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Table All. Relative crowding coefficients for cowpea (k^) 
and maize (k^), and their product, calculated 
from seed yield for the first and second seasons 
First season Second season 
FL^ 
iiieni-
series kc km ^c km kc'^m 
Mc 1.10 2.96 3.26 .98 2.77 2.71 J. z 
mc .71 1.75 1.24 .89 2.60 2.31 
mC .50 1.87 .93 1.05 2.44 2.56 
N^P. Mc 1.24 3.29 4.08 1.26 3.43 4.32 Z X 
mc 1.15 4.10 4.72 1.14 2.05 2.34 
mC .68 1.74 1.18 1.08 1.59 1.72 
^2^2 Mc .73 2.11 1,54 .59 3.75 2.21 6 6
mc .62 1.86 1.15 .40 2.81 1.12 
mC .47 1.57 .74 .35 1.96 .69 
^FL, fertilizer level. 
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Table Al2. The onset of reproductive stages in cowpea and 
maize, first season 
Cowpea 
Beginning Beginning Maize 
Treatment bloom^ pod fill" Tassel" Silk"-
*1^2 
*2^1 
NgPg 
LSD, 0.05 
58.2 
58.4 
58.6 
0.5 
-days from sowing-
64.3** 
65.1 
65.2 
0.7 
68.9 
70.2* 
68.2 
1.4 
73.3 
74.7** 
73.0 
1.1 
M 
Mc 
mc 
mC 
C 
58.9* 
58.1 
58.2 
58.4 
65.9** 
64.7 
64.4 
64.6 
6 8 . 8  
69.4 
68.8 
69.4 
73.4 
73.9 
73.3 
74.0 
LSD, 0.05 0.5 0.8 1.6 1.3 
When 50% of the plants had at least one flower. 
^When 50% of the plants had at least one pod 2/3 full 
length. 
^When the tassel (staminate flower) emerged from the 
leaf whorl in 50% of the plants. 
^When the silks (pistils) emerged from the husk in 50% 
of the plants. 
*£ < .05. 
**p < .01, 
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Table A13. The onset of some reproductive stages in cowpea 
and maize, second season 
Cowpea 
Treat- Beginning 
ment bloom® 
Beginning 
pod fill* 
First 
ripe pod 
rid. 
Tassel^ silk® 
from sowing-days 
^1^2 50.7 57.0 72.4 63.9 66.2 
N^Pl 51.1* 57.8** 73.1 63.5 66.2 
^2^2 50.6 57.1 72.5 62.0** 64.6** 
LSD, 0.05 0.4 0.6 0.7 0.9 0.8 
M — — - 63.0 65.9 
Mc 50.9 58.1** 73.7 62.8 65.8 
mc 50.8 57.3 73.1 63.0 65.2 
mC 50.7 56.9 72.2 63.8 65.8 
C 50.8 56.9 71.7** - -
LSD, 0.05 0.5 0.7 0.9 1.0 0.9 
^'^Same as defined in Table A12. 
S«/hen 50% of the plants had 
pod turning brown. 
at least one fully developed 
"^'^Same as defined in Table A12. 
*£ < . 05. 
**£ < .01. 
94 
APPENDIX B: FROM PART II 
95 
Table Bl, Seeded plant densities and intrarow spacings of 
maize and cowpea at each population density 
Population 
density, 
plant 2 
units^/m Crop 
Replacement series 
M Mo me mC 
2.50 
5.00 
7.50 
Maize 
Cowpea 
Maize 
Cowpea 
Maize 
Cowpea 
2.50 
5.00 
7.50 
2 
-plant units/m • 
1.88 
0.63 
3.75 
1.25 
5.63 
1.88 
1.25 
1.25 
2.50 
2.50 
3.75 
3.75 
0.63 
1.88 
1.25 
3.75 
1.88 
5.63 
2.50 
5.00 
7.50 
-intra-row spacing, cm-
2.50 Maize 40.0 53.3 80.0 160.0 -
Cowpea — 80.0 40.0 26.7 40.0 
5.00 Maize 20.0 26.7 40.0 80.0 — 
Cowpea — 40.0 20.0 13.3 20.0 
7.50 Maize 13.3 17.8 26.7 53.3 — 
Cowpea - 26.7 13.3 8.9 13.3 
^One plant unit = 1 maize plant or 2 cowpea plants. 
^See text for row spacings. 
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Table B2. Actual population densities and crop proportions 
at seed harvest time—lowest population (2.5 
plant units/m^) 
Replace-
Fertilizer ment 
level series Cowpea 
Population density, 
plant units/m^ 
Crop 
proportion 
Maize Total Cowpea Maize 
V2 
^2^1 
NgPz 
M - 2.40 2.40 — 1.00 
Mc 0.68 1.82 2.50 0.27 0.73 
mc 1.32 1.40 2.72 0.49 0.51 
mC 1.83 0.69 2.52 0.73 0.27 
C 2.63 — 2.63 1.00 — 
M — 2.49 2.49 — 1.00 
Mc 0.71 1.91 2.62 0.27 0.73 
mc 1.25 1.47 2.72 0.46 0.54 
mC 1.75 0.64 2.39 0.73 0.27 
C 2.53 — 2.53 1.00 — 
M — 2.55 2.55 1.00 
Mc 0.63 1.87 2.50 0.25 0.75 
mc 1.29 1.42 2.71 0.48 0.52 
mC 1.75 0.62 2.37 0.74 0.26 
C 2.63 - 2.63 1.00 -
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Table B3. Actual population densities and crop proportions 
at seed harvest time—normal population (5 plant 
units/m^) 
Replace-
Fertilizer ment 
level series Cowpea 
Population density. 
Plant units/m^ 
Maize 
Crop 
proportion 
Total Cowpea Maize 
"1^2 
N2P1 
N2P2 
M - 5.11 5.11 - 1.00 
Mc 1.32 3.69 5.01 0.26 0.74 
mc 2.38 2.60 4.98 0.48 0.52 
mC 3.39 1.40 4.79 0.71 0.29 
C 4.77 — 4.77 1.00 — 
M — 4.42 4.42 — 1.00 
Mc 1.29 3.75 5.04 0.25 0.75 
mc 2.47 2.60 5.07 0.49 0.51 
mC 3.47 1.31 4.78 0.73 0.27 
C 4.72 — 4.72 1.00 0 
M — 5.00 5.00 — 1.00 
Mc 1.18 3.87 5.05 0.23 0.77 
mc 2.33 2.55 4.88 0.48 0.52 
mC 3.29 1.35 4.64 0.71 0.29 
C 5.02 - 5.02 1.00 -
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Table B4. Actual population densities and crop proportions 
at seed harvest time—highest population (7,5 
plant units/m ) 
Rpolarp- Population density. Crop 
Fertilizer mint plant units/m^ proportion 
level series Cowpea Maize Total Cowpea Maize 
*1^2 
"2^1 
^2^2 
M - 7.53 7.53 - 1.00 
Mc 1.78 5. 80 7.58 0.23 0.77 
mc 3.47 3.82 7.29 0.48 0.52 
mC 5.15 1.78 6.93 0.74 0.26 
C 6.90 — 6.90 1.00 — 
M — 7.00 7.00 — 1.00 
Mc 1.87 5.69 7.56 0.25 0.75 
mc 3.59 3.78 7.37 0.49 0.51 
mC 5.29 1.89 7.18 0.74 0.26 
C 6.93 — 6.93 1.00 — 
M — 6.87 6.87 1.00 
Mc 1.71 5.60 7.31 0.23 0.77 
mc 3.14 3.89 7.03 0.45 0.55 
mC 4.56 1.98 6.54 0.70 0.30 
C 6.60 - 6.60 1.00 -
